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Recent studies in owls and ferrets seem to have
identified the origin and nature of the visual signals
that shape the development of the auditory space
map in the midbrain, which ensures that the neural
representations of both sensory modalities share the
same topographic organization.
Extensive interactions take place between the different
senses during development. This is evident from the
many changes that have been reported in the remain-
ing sensory systems following a modality-specific
impairment in early life [1]. But substantial crossmodal
plasticity is also observed when the brain is faced with
the task of coordinating information across the senses.
In particular, the more accurate and reliable spatial
information available to the visual system is used to cal-
ibrate the emerging neural representation of auditory
space in the superior colliculus. This ensures that single
neurons in this midbrain structure — which plays an
important role in controlling the direction of gaze —
respond to multisensory signals that are linked in space
and time, despite growth-related changes and individ-
ual differences in the size and relative positions of the
different sense organs [2].
Substantial progress has been made in the last few
years in revealing how visual experience shapes the
auditory responses of neurons in the superior collicu-
lus. In particular, studies in ferrets [3,4] and barn owls
[5–7] now suggest that the instructive visual signals
originate from topographically organized projections
to the auditory neurons and that these inputs may
provide a template against which auditory spatial tuning
is matched.
Coordinating Sensory Maps in the Midbrain
The superior colliculus has long been the brain area of
choice for investigating the way stimuli in different
sensory modalities are combined and integrated by
individual neurons, both in adult animals and during the
course of development [2,8]. In mammals, the superfi-
cial layers of the superior colliculus contain only visually
responsive neurons, whereas visual, auditory and tactile
inputs converge in its deeper layers. For each sensory
modality, stimulus location is represented topographi-
cally within the nucleus. In other words, neurons in a
given region of the superior colliculus respond optimally
to visual or auditory stimuli arising from the same direc-
tion in space, or to stimulation of a corresponding part
of the body surface. This arrangement allows each of
the sensory inputs associated with a particular target or
event to be transformed into appropriate motor signals
that are sent to the brainstem and spinal cord. Although
some of the deep-layer neurons respond to stimuli of
only one modality, others receive inputs from at least
two of the sensory systems. The spike discharge rates
of these multisensory neurons can be dramatically
altered when the different stimuli are presented together.
Such interactions are thought to improve the likelihood
of detecting and localizing objects that can be both
seen and heard, and, if close by, felt as well [8].
Constructing a neural map of visual space or of the
body surface is relatively straightforward. In each
case, stimulus location is encoded directly by the
distribution of activity both across the receptor cells
and — as a result of the topographic order within the
afferent projections — at successive levels of central
processing. In contrast, the location of a sound source
has to be computed within the brain from acoustic
cues that arise from the way in which sounds interact
with the head and external ears [9]. Sensory map
registration in the superior colliculus therefore involves
tuning neurons to auditory localization cue values that
correspond to particular directions in visual space.
Evidence for a guiding role for vision in aligning the
sensory maps in the superior colliculus has come from
experiments in which a mismatch between the visual
and auditory representations was introduced. Because
of their limited ocular mobility, this is readily achieved
in barn owls by mounting in front of their eyes prisms
which optically displace the visual field to one side.
Raising owls in this manner produces a corresponding
shift in auditory head-orienting responses [10], and in
the auditory receptive fields of neurons in the optic
tectum, as the superior colliculus is known in birds
[11]. An equivalent effect has been observed in ferrets
— surgical deviation of one eye in infancy leads to a
compensatory shift in the auditory representation in
the opposite superior colliculus, thereby preserving
the alignment of the two maps [12].
Where Does the Visually Based Instructive Signal
Come from?
This form of adaptive plasticity – in which signals from
one network of neurons are used to calibrate the
responses in another — is sometimes referred to as
‘supervised learning’ [13]. We do not yet know whether
visually-guided changes in auditory spatial tuning
originate in the superior colliculus or at an earlier
stage of processing in the mammalian brain. In owls,
however, the site of plasticity has been identified as
the external nucleus of the inferior colliculus, where a
map of auditory space is first generated and then
relayed to the optic tectum [14] (Figure 1). But the
source and nature of the instructive visual signals has,
until now, remained elusive.
One possibility is that an activity template provided
by the visual system guides the development of the
auditory space map. For that to be the case, however,
topographically organized visual signals must reach
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the owl’s external nucleus of the inferior colliculus. In
fact, an anatomical substrate for this does exist in the
form of a projection from the optic tectum to the exter-
nal nucleus of the inferior colliculus (Figure 1) [5,6].
Hyde and Knudsen [7] have recently examined the
role of this pathway in auditory plasticity by making a
restricted lesion in the upper layers of the optic
tectum in owls in which the auditory space map had
already been shifted by prism rearing.
Hyde and Knudsen [7] observed that, following the
lesion, the corresponding region of the auditory map in
the deeper layers of the tectum started to shift back to
normal, and failed to change in response to the sub-
sequent removal or replacement of the prisms. In con-
trast, the auditory spatial tuning in intact regions of the
tectum gradually recovered following prism removal to
match the now normal visual inputs, and shifted back
toward the previous abnormal values when the prisms
were put back on. Similar results were found when
recordings were made in the external nucleus of the
inferior colliculus. These findings suggest that inputs
from the optic tectum contribute to both the guidance
and maintenance of auditory map plasticity.
A similar approach has also been used in mammals
to show that signals from the superficial layers of the
superior colliculus are needed for the normal develop-
ment of the auditory space map [3]. Partial aspiration
of the superficial superior colliculus layers in neonatal
ferrets leads to the emergence in the underlying deep
layers of auditory responses that lack their usual topo-
graphic order, whereas those in intact regions of the
nucleus develop normally. Superficial-layer axons project
topographically into the deep layers [4,15] and termi-
nate on neurons that also receive inputs from the
nucleus of the brachium of the inferior colliculus (nBIC)
– a prominent source of auditory input to the superior
colliculus [16]. But, as with the equivalent structures in
the owl’s midbrain, these axons also carry on into the
nBIC itself [4], raising the possibility that visually guided
plasticity of auditory responses may take place before
the superior colliculus.
Of course, making lesions in specific areas of brain
tissue risks the possibility of damaging or causing
degenerative changes in the auditory neurons. This
would seem to be particularly the case in the barn owl,
in which the optic tectum lacks the clear segregation
into superficial visual and deep multisensory layers
that characterizes the mammalian superior colliculus.
Nevertheless, the results of both studies [3,7] support
the idea that a retinotopic visual template may guide
the development and plasticity of auditory neurons.
Indeed, under appropriate conditions, auditory neurons
in the owl’s inferior colliculus [17] and the ferret’s nBIC
[4] can be activated by visual stimuli from the same
area of space. Now that the midbrain circuits where
these signals are combined are being unravelled, we
are in a position to investigate the synaptic mecha-
nisms by which auditory inputs are shaped by con-
currently active visual inputs.
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Figure 1. Effects of prism rearing on the midbrain auditory
localization pathway of the barn owl.
(A) The central nucleus of the inferior colliculus (ICC) is orga-
nized ‘tonotopically’ (i.e. by sound frequency). In the projection
from the ICC to the external nucleus of the inferior colliculus
(ICX), information is combined across different frequency chan-
nels to produce a map of auditory space. This map is then
relayed via a topographic projection to the optic tectum, where
it becomes superimposed on a map of visual space. (B) If owls
are raised wearing prisms, a systematic change in the ICC–ICX
projection takes place (red arrows), which brings the ICX map
back into alignment with the optically displaced visual map in
the tectum. The instructive signal for this appears to be deliv-
ered to the ICX via a topographically organized visual projec-
tion from the optic tectum.
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